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ABS TRACT 

The NBS/GPS receiver has been designed a round  the concept of obtaining 
high accuracy, low cost time a n d  frequency comparisons between remote 
frequency standards and  clocks with the in ten t  t o  aid international time 
and frequency coordination. 
simultaneous viewing of  the GPS s a t e l l i t e s  with the USNO GPS receiver as 
well as by several individual t e s t s .  The simultaneous viewing yielded 
syntonization accuracies of t h e  order of par t s  in 10E15 over a b o u t  a 
two-week average. Using a May '81 portable clock t r i p  t o  ca l ib ra t e  the 
d i f f e ren t i a l  delay between the NBS a n d  the USNO GPS receivers ,  July a n d  
August '81 portable clock t r i p s  agreed with the values given by 
simultaneous GPS s a t e l l i t e  viewing between Boulder, CO a n d  Washington, 
DC t o  be t t e r  t h a n  t h a n  the 10 ns accuracy of the portable clock t r i p s .  

The receiver has been tes ted  by 

The hardware a n d  software of the receiver will  be detai led in the t ex t .  
The receiver i s  fu l ly  automatic with a b u i l t  in O.lns resolution time 
interval counter. A microprocessor does d a t a  processing. S a t e l l i t e  
signal s t a b i l i t i e s  are  routinely a t  the 5ns level f o r  15s averages, and  
the internal receiver s t a b i l i t i e s  a re  a t  the Ins leve l .  The second 
generation receiver has a b u i l t  in CRT a n d  para l le l  keyboard f o r  
operator interface.  Ser ia l  RS232 i s  provided for  local hardcopy 
( p r i n t e r )  a n d  telephone modem use. 

I 
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R E C E I V E R  PHYSICAL CONSTRUCTION 

The NBS/GPS receiver i s  housed i n  3 rack mounted cabinets (plus a 
weather- t i g h t  case f o r  the antenna e l  ectroni cs) . The microprocessor , 
tape dr ive,  12.7cm(5 inch) CRT display and time interval  counter a r e  
i n  a 17.8cm(7 inch) cabinet and the  receiver and power supply a re  each 
i n  13.3cm(5% inch) cabinets. I t  would be possible t o  f i t  everything 
except the  antenna electronics  i n t o  a s ingle  17.8cm(7 inch) cabinet 
but access fo r  t e s t ing  would be much more d i f f i c u l t .  

MICROPROCESSOR BLOCK DIAGRAM 

Figure 1 shows the  microprocessor and i t s  interfaces  t o  the r e s t  of 
the receiver system. The microprocessor card was speci a1 l y  designed 
fo r  this application. 

Major features  are:  
4MHz Z80A Processor Chip  
32k Dynamic Ram 
16k EPROM 
2k Memory Mapped Video - 16 Li nes x 64 Char 
9 x 8 Bit Para1 1 el  Ports 
2 USARTS (1 - RS232, 1 - Tape Drive) 
24 Strobe Lines 

Operator in te r face  t o  the system i s  through a para l le l  keyboard and 
menu driven video display, a 12.7cm(5 inch) CRT i s  included i n  the  
processor box,  w i t h  BNC out f o r  an external TV monitor. 

A micro-cassette tape drive i s  included f o r  saving and loading (pro-  
grams, tracking schedules and almanacs. ) 

An RS-232 in te r face  i s  provided f o r  connecting t o  a telephone modem t o  
exchange tracking data. 

A hard copy output i s  provided f o r  pr int ing tracking data  and p lo t s  of 
s a t e l l i t e  azmuth and elevation angle ( A Z - E L )  viewing times f o r  any 
location and date.  

A time interval counter card (ambiguity 1 sec,  resolution .Ins) i s  
included i n  the  processor. The counter was designed f o r  the GOES 
s a t e l l i t e  system and improved f o r  use i n  the  GPS receiver.  I t  i s  a 
s ta r t - s top  interpolator  counter w i t h  5 MHz main channel time base. 
The processor cal i brates  the i nterpol a tors  before each sate1 1 i t e  pass. 
Repeatabi 1 i t y  of the  counter i s  be t t e r  than Ins. 

The receiver i s  controlled by the processor through a 34 l i n e  ribbon 
cable. The cable includes 8 para l le l  l ines  from the receiver ,  2 x 8 
para l le l  l ines  t o  the receiver,  4 strobes f o r  multiplexing da ta  t o  t h e  
receiver and 1 in ter rupt  l ine  from the receiver.  
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RECEIVER BASIC FREQUENCY PLAN 

The NBS rece ive r  frequency p lan  i s  i l l u s t r a t e d  i n  F ig .  2. The rece i -  
ver  u t i l i z e s  t r i p l e  conversion, w i t h  the  f i r s t  I F  a t  75.42 MHz. This  
I F  i s  wide band (25 MHz - 150 MHz) and prov ides about 50 t o  55 dB o f  
n e t  gain.  The c o r r e l a t i o n  mixer conver ts  t h e  I F  t o  10.7 MHz. The 
p o s t - c o r r e l a t i o n  bandwidth i s  s e t  by a 12 kHz c r y s t a l  f i l t e r .  The 10.7 
MHz I F  ga in  o f  0 t o  30 dB i s  c o n t r o l l e d  by t h e  microprocessor du r ing  
lock-up and by coherent AGC a f t e r  lockup. The t h i r d  I F  o f  700 kHz was 
chosen f o r  ease of implementation o f  t he  phase coherent de tec tors  
us ing  CMOS switches. Approximately 40dB o f  g a i n  i s  prov ided i n  t h e  
700 kHz I F .  By l i m i t i n g  ga in  a t  each I F  t o  l e s s  than 60 dB, we m in i -  
mize s t a b i l i t y  problems. With t h i s  s e l e c t i o n  o f  I F  f requencies we 
have no problems w i t h  c a r r i e r  f a l s e  l o c k  due t o  spur ious frequency 
in te r fe rence.  

CORRELATION LOOP 

The c o r r e l a t i o n  loop i s  an e a r l y - l a t e  ( 2  ch ip )  non-coherent type. 
The l o c a l l y  generated c l e a r  access (C/A)  sequence bi-phase modulates 
86.12 MHz from t h e  c a r r i e r  loop. The r e s u l t a n t  s igna l  i s  app l i ed  t o  
t he  c o r r e l a t i o n  mixer and, i f  the  l o c a l  and rece ived sequences are 
a l igned,  the  r e s u l t a n t  10.7 MHz I F  o u t  con ta ins  on ly  the  bi-phase 
(50Hz) data t r a n s i t i o n s  ( o f  course, w i t h  t h e  e a r l y - l a t e  d i t h e r  o f  t he  
l o c a l  code, one-hal f  o f  each code c h i p  i s  l o s t ) .  Servo e r r o r  vo l tage 
i s  obta ined from the  envelope de tec to r  du r ing  i n i t i a l  l o c k  and f r o m  
the i n  phase coherent de tec tor  through a 1 ms delay sampler when 
locked. C o r r e l a t i o n  loop bandwidth i s  s e t  t o  3 Hz du r ing  a c q u i s i t i o n  
and 1 Hz wh i l e  t rack ing .  

CARRIER LOOP 

The c a r r i e r  loop  operates as a frequency syn thes izer  du r ing  cor re -  
l a t i o n  loop a c q u i s i t i o n  and a Costas loop when t rack ing .  The com- 
panion microprocessor computes the  expected Doppler from almanac data 
and sets  the c a r r i e r  synthes izer  accord ing ly .  Range i s  f 4800 Hz, i n  
400 Hz steps. The c a r r i e r  synthes izer  w i l l  t he re fo re  be w i t h i n  +ZOO Hz 
o f  t he  c a r r i e r  center  frequency when t h e  t r a c k  mode i s  i n i t i a t e d .  
C a r r i e r  a c q u i s i t i o n  fo l l ows  w i t h i n  one second. 

DETAILED RECEIVER BLOCK DIAGRAMS 

Figures 3 and 4 show more d e t a i l e d  diagrams o f  t he  rece ive r  and i n d i -  
ca te  the  func t i ons  i n  the  rece ive r  t h a t  a re  c o n t r o l l e d  by the  micro- 
processor. 
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SOFTWARE 

I n  t h i s  implementat ion of a GPS rece iver ,  a s i n g l e  Z80A processor 
handles a l l  t h e  r e a l  t ime concurrent tasks o f  rece ive r  c o n t r o l ,  s a t e l -  
lite message acquisition, and control o f  a time interval counter 
making a pseudo range measurement each second. Without an i n t e r -  
r u p t i o n  o f  any o f  the  above func t ions ,  the  processor computes a l e a s t  
squares quadra t ic  f i t  o f  t he  pseudo range measurements each 15 seconds, 
evaluates t h e  est imate a t  i t s  mid-point ,  computes the  s l a n t  range t o  
t h e  s a t e l l i t e  a t  the  t ime corresponding t o  the  mid-point  f i t  and 
a r r i v e s  a t  a va lue f o r  the  l o c a l  c lock  t ime minus t h e  space v e h i c l e  
c l o c k  t ime (LOCAL-SV) and LOCAL-GPS, where "GPS" denotes SV t ime p l u s  
the  GPS computed SV c l o c k  co r rec t i on .  Each data po in t  i s  d isp layed on 
the video d i s p l a y  and i s  s to red  i n  memory f o r  processing immediately 
a f t e r  the  end o f  the  SV t r a c k  t i m e .  The rece ive r  i s  always responsive 
t o  the  l o c a l  keyboard i n t e r f a c e  and the  RS-232 modem i n t e r f a c e ,  even 
w h i l e  t r a c k i n g  and processing data, thus a l l ow ing  easy communication 
w i t h  the  user. (We should note t h a t  5 o f  the  8 i n t e r r u p t  d r i v e n  
programs are  dedicated t o  making the  machine f r i e n d l y . )  

For example, t h e  operator  can command t h e  processor t o  erase an o l d  
almanac tape and w r i t e  a new tape o f  the  almanac t h a t  has j u s t  been 
c o l l e c t e d  w h i l e  the  u n i t  i s  s t i l l  t r ack ing .  The menu d r i ven  opera tor  
i n t e r f a c e  w i l l  even a l l ow  the operator  t o  generate a 24 hour graph o f  
s a t e l l i t e  e levat ion/az imuth f o r  any l o c a t i o n  and any date w h i l e  t h e  
u n i t  i s  t r a c k i n g  and c o l l e c t i n g  data. (The graph i s  l i m i t e d  t o  a 
maximum o f  5 sate1 1 i t e s  a t  a t i m e  and i s  ou tpu t  t o  the  p r i n t e r ) .  

A l l  o f  these c a p a b i l i t i e s  are made poss ib le  by a unique i n t e r r u p t  
implementation. A t o t a l  o f  8 vectored i n t e r r u p t s  are u t i 1  ized:  

P r i o r i t y  
1 

6 
7 
8 

I n t e r r u p t  Rate 
50 Hz/lkHz 

75Hz/200Hz 
150 Hz 
100 Hz 
30 HZ 

30 Hz 
150 Hz 
1 Hz 

Funct ion 
Contro l  Receiver, c o l l e c t  s e r i a l  
s a t e l l i t e  data 
Read/wri t e  tape f i 1 es 
Receiver RS-232 data 
Format v ideo d i sp lay  
Make counter measurements (pseudo 
range) 
Read KBD i npu t ,  d i sp lay  on screen 
Transmi t / fo rmat  RS-232 data 
Run r e a l  t i m e  UTC c lock  

When an i n t e r r u p t  i s  taken, a complete contex t  swi tch takes p lace ,  
much as i n  a l a r g e  t i m e  share system. This  context  sw i tch  requ i res  
about 701s f o r  each i n t e r r u p t  taken b u t  t h e  advantage i s  t h a t  t h e  
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i n t e r r u p t  d r i v e n  program i s  w r i t t e n  " i n  l i n e "  r a t h e r  than having t h e  
same e n t r y  p o i n t  each t ime an i n t e r r u p t  i s  taken. Each i n t e r r u p t  
d r i v e n  program i s  analgous t o  a program runn ing  on a t i m e  share system 
w i t h  one except ion:  on t h e  t ime share system t h e  c e n t r a l  processor 
assigns a " t ime s l i c e "  t o  a s i n g l e  user and a t  t h e  end o f  t h a t  t ime 
(say 10 m i l  1 iseconds) the  use r ' s  program i s  stopped and another u s e r ' s  
program i s  taken up where i t  l e f t  o f f  and i s  r u n  f o r  a few more m i l l i -  
seconds. The user i s  unaware o f  these " t i m e  s l i c e "  a l l o c a t i o n s  and 
f r o m  h i s  perspect ive,  h i s  program runs con t inous ly  t o  complet ion 
(unless the  system i s  over1 oaded). 

I n  our implementation the i n t e r r u p t  d r i v e n  program's " t ime s l i c e "  
s t a r t s  when the  i n t e r r u p t  i s  taken. The program cont inues t o  execute 
u n t i  1 t h e  i n s t r u c t i o n  "CALL INTERRUPT RETURN" i s  executed. A1 1 reg- 
i s t e r s  o f  the  i n t e r r u p t  d r i ven  program are  s to red  and the  machine 
re tu rns  t o  the  main program. When the  nex t  i n t e r r u p t  i s  taken, exe- 
c u t i o n  cont inues w i t h  the  i n s t r u c t i o n  f o l l o w i n g  "CALL INTERRUPT RE- 
TURN", w i t h  a l l  r e g i s t e r s  and s ta tus  restored.  The i n t e r r u p t  d r i v e n  
programs have been w r i t t e n  so t h a t  no more than 5 0 0 ~ s  elapses be fore  a 
"CALL INTERRUPT RETURN" i s  executed. A l l  o f  t he  i n t e r r u p t  d r i v e n  
programs together  u t i l i z e  5 t o  15% o f  the  t o t a l  processor time. 

With t h i s  i n t roduc t i on ,  we w i l l  examine t h e  i n t e r a c t i o n s  o f  the  M A I N  
( i n t e r r u p t a b l e )  program and the  th ree  i n t e r r u p t  d r i v e n  programs t h a t  
a re  responsib le  f o r  1 ock i  ng t o  and t r a c k i  ng t h e  sate1 1 i te.  

A s a t e l l i t e  t r a c k i n g  opera t ion  begins when t h e  1 HZ i n t e r r u p t  d r i v e n  
program f i n d s  a match between i t s  cu r ren t  hours, minutes, and seconds 
(HMS) c lock  t ime and any o f  t he  48 user programmed s a t e l l i t e  s t a r t  
t r a c k  times. The 1 HZ program s to res  the SV# and SV c lass  bytes i n  a 
reserved 2 by te  v a r i a b l e  area and loads t h e  " s t a r t  t rack "  command b y t e  
i n t o  t h e  main program's 1 6  by te  c i r c u l a r  command b u f f e r .  A t  t h e  t ime 
t h i s  happens, the  Main Program, and the  Receiver and Counter programs 
may be i d l e  ( o r )  may be busy t r a c k i n g  another s a t e l l i t e .  I f  they a re  
t r a c k i n g  a l ready,  the  main proyram recognizes t h i s  and w i l l  execute 
sequent ia l  commands "s top  t rack '  , fo l lowed by " s t a r t  t rack " .  

The 1 Hz program then se ts  a t imer  t o  count down f o r  7 minutes, 58 
seconds a t  which t ime i t  w i l l  i ssue a "s top  t r a c k "  command t o  the  main 
program. The 1 Hz program cont inues i t s  t imekeeping f u n c t i o n  and has 
no f u r t h e r  d i r e c t  i n t e r a c t i o n  w i t h  the  lockup/ t rack  sequence. 

I f  the  machine were i d l e  a t  t he  t ime the  1 Hz program issued " s t a r t  
t rack" ,  t he  main program would immediately vec to r  t o  the  s t a r t  t r a c k  
program. It would f i r s t  p i c k  up the SV# and through a lookup t a b l e ,  

. s e t  t he  proper C/A code i n t o  the  rece ive r  PN generator.  It then sets  
the  c a r r i e r  loop synthes izer  i n  the  r e c e i v e r  t o  center  frequency. 
Next, i t  p icks  up t h e  b ina ry  almanac f o r  t h e  proper  SV and converts i t  

4 
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t o  f l o a t i n g  p o i n t  decimal format. I t  then p i c k s  up an image o f  t h e  
UTC c lock  and computes the  s l a n t  range t o  the  s a t e l l i t e .  I t  then 
increments t h e  t ime  o f  t h e  UTC c lock  image by 100s and computes a 
second value of s l a n t  range t o  the  s a t e l l i t e .  From these 2 compu- 
t a t i o n s  o f  s l a n t  range, i t  determines the  expected c a r r i e r  Doppler and 
s e t s  the car r ie r  synthesizer t o  the correct value. 

A t  t h i s  p o i n t ,  t he  program i s  approximately 2 seconds i n t o  the  lockup 
sequence. The main program now sets  a f l a g  t o  s igna l  t he  rece ive r  
program t o  e x i t  i t s  i d l e  loop and begin i t s  lockup sequence. 
program cont inues on t o  t h e  " c a l i b r a t e  counter  rou t i ne "  which w i l l  
r e q u i r e  approximately 8 seconds t o  complete. A f t e r  the  counter i s  
c a l i b r a t e d ,  t he  main program re tu rns  t o  i t s  i d l e  loop. While the  main 
program i s  c a l i b r a t i n g  the  counter,  the rece ive r  program begins t h e  
r e c e i v e r  1 ockup sequence. 

The main 

The amount o f  t i m e  requ i red  f o r  the  rece ive r  program t o  l ock  up and 
f i n d  the  HANDOVER WORD (HOW) i n  the  SV data stream can vary from a 
minimum o f  10 seconds t o  a maximum o f  50 seconds, w i t h  the  mediam 
being 30 seconds. A t  t h i s  p o i n t ,  the  rece ive r  program again needs the  
serv ices  o f  t h e  main program t o  conver t  t he  b ina ry  HOW i n t o  DAY, HH, 
MM, SS and GPS seconds o f  t he  week (decimal). The rece ive r  program 
issues a " S e t  Clock" command t o  the  main program. The main program 
requ i res  about 100 ms t o  s e t  t he  GPS c lock  i n  the  rece iver .  The 
rece ive r  program then sets  a f l a g  t o  t e l l  t h e  counter program t o  e x i t  
i t s  i d l e  loop and s t a r t  making a pseudo range measurement each second. 
The pseudo range measurements are s to red  i n  a modul o-30-second c i  rcu-  
l a r  b u f f e r .  

The main program re tu rns  t o  i t s  i d l e  loop t o  awa i t  f u r t h e r  commands. 
The rece ive r  program cont inues t o  run  the  GPS c lock  and s to re  s e r i a l  
50 Hz da ta  from t h e  SV. I t  hangs i n  a loop u n t i l  the end o f  Frame 5 
o f  t he  GPS data format.  (The end o f  frame 5 w i l l  be second 00 o r  30 
o f  t h e  GPS minute). 

A t  t h e  end o f  frame 5, the rece ive r  program enters  a 30 second loop 
where i t  w i l l  remain u n t i l  the  t r a c k  i s  terminated. I n  t h i s  loop, i t  
c o n t i n u a l l y  c o l l e c t s  s e r i a l  SV data, runs t h e  GPS c lock ,  and outputs  
l P P S  f o r  the  pseudo-range measurements. 
main program a t  t he  appropr ia te  times t o  conver t  data b locks I and I1 
and v e r i f y  p a r i t y  and save the  almanacs conta ined i n  data b lock  111. 
Each 15 seconds, i t  gives a command t o  the  main program t o  make a 
measurement computation. 

I t  a lso  gives commands t o  t h e  

A measurement computation i nvol ves do i  ng a 1 eas t  squares quadrat ic  f i t  
t o  15 seconds o f  pseudo-range data, eva lua t i ng  the  mid-point  est imate 
o f  t h e  f i t ,  computing t h e  s l a n t  range t o  the SV us ing  data b lock  11, 
making the  sagnac co r rec t i on ,  computing the  SV c lock  c o r r e c t i o n  us ing  
data Block 1, and s t o r i n g  a value f o r  LOCAL-SV and LOCAL-GPS. Th is  
data i s  also outpu t  t o  t h e  video d i sp lay  (and) t o  the  hard copy dev ice 
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i f desi red. A complete measurement computation sequence executes i n 
2 .5  seconds. The main program i s  busy about 20% - 25% o f  the time and 
i s  in  the i d l e  loop the  rest of the time. 

The t rack  time i s  terminated when the 1 Hz program timer counts down 
and the 1Hz program issues a "stop track" command t o  the main program. 
The main program forces the receiver program into a 1 second sequenced 
s t o p  routine and se t s  a f l ag  t o  signal the counter program t o  return 
t o  i t s  i d l e  loop when i t  completes i t s  current measurement. 

The main program then does a l e a s t  squares l inear  f i t  on the 15 second 
data p o i n t s  fo r  LOCAL-SV and LOCAL-GPS. I t  then s tores  the in te rce  t s  
and slopes,  along with the SV#, Ref time a t  beginning of t rack ,  AZ P EL 
a t  the end of the t rack,  data age o f  DEI 11, and sigma for  the f i t s .  
I t  then searches th rough  a l l  programmed track times and displays the 
next scheduled t rack  time and returns t o  the id l e  loop. 

The main program i s  by f a r  the la rges t  of the 9 programs running in  
the  machine. As we have noted, i t  receives commands t o  do various 
functions through a 16 byte c i rcu lar  buffer. Up t o  15 commands may be 
queued up a t  one time before the system blows up. Normally no more 
than 3 or 4 commands will be queued in the buffer. A t  present,  a t o t a l  
of 18 d i f f e ren t  commands are  executed by the main program, b u t  this 
number wi l l  ultimately grow t o  the mid twenties when a l l  the planned 
functions a re  added. All precise ari thmetic functions a re  handled 
through a 15 decimal d i g i t  f loat ing point package w i t h  hex in t e r -  
p re t e r ,  especial l y  devel oped f o r  t h i s  system. The f 1 oat i  ng p o i n t  
package occupies about 2K bytes. 

All of the interrupt  driven programs n o t  discussed unt i l  now a re  
concerned w i t h  i n p u t / o u t p u t  operations. The tape program reads and 
writes tape f i l e s .  These may be data such as  almanacs and t rack times 
or the  "personalized" program tha t  has the receiver coordinates fo r  a 
par t icu lar  location. The two RS-232 programs are  concerned with 
communications over a telephone modem, and the  video and keyboard 
programs provide the local operator interface.  

The complete software package will  approach 32 K bytes of machine 
1 anguage code, with 16K of firmware and display formatting in EPROM 
and 16K of program in RAM t o  be loaded from tape. 

Common View Data Analysis Results 

As has been shown [l] one of the main advantages of the  GPS i n  common 
-view approach i s  the cancellation o f  er rors  t h a t  a re  common in b o t h  
legs of the viewing path when the same GPS s a t e l l i t e  i s  viewed simul- 
taneously. Therfore, the only e r rors  in  the time and frequency mea- 
surements between two remote s i t e s  are  due t o  changes i n  t h e  d i f f e r -  
en t ia l  delays. The following analysi? i s  an e f f o r t  t o  characterize 
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t h e  l i m i t a t i o n s  o f  us ing  GPS s a t e l l i t e s  i n  common-view measurements 
taken s imul taneously  a t  t h e  U. S. Naval Observatory i n  Washington, DC 
w i t h  i t s  GPS r e c e i v e r  and wi th  t h e  NBS const ructed rece ive r  l oca ted  i n  
Boulder,  CO (a base l ine  o f  about 3,000 k i lometers) .  We began c o l -  
l e c t i n g  da ta  us ing  t h i s  mode on t h e  31s t  o f  May 1981 and performed the  
ana lys i s  over  t h e  p e r i o d  o f  June, J u l y ,  August and September o f  '81. 
Three p o r t a b l e  c l o c k  t r i p s  were made du r ing  t h i s  p e r i o d  and near l y  
d a i l y  values were taken on NAVSTAR s a t e l l i t e s  3, 4, 5 and 6 which 
correspond t o  space v e h i c l e  (SV) 6, 8, 5 and 9 respec t ive ly .  We 
agreed w i th  USNO t o  measure a t  r e l a t i v e l y  h igh  e l e v a t i o n  angles a f t e r  
upload of t he  SV c lock  and ephemeris parameters from Vandenburg A i r  
Force Base occurs; we a l s o  agreed t o  change the  t ime once a week about 
28 minutes t o  correspond w i th  t h e  movement o f  t he  ephemer is .  Thus 
the  s a t e l l i t e s  were viewed a t  nominal ly  constant  azimuth and e l e v a t i o n  
angles a t  each o f  t he  two s i t e s .  The USNO rece ive r  app l ies  iono- 
spher ic  and t ropospher ic  cor rec t ions .  The NBS rece ive r  c o l l e c t s  the  
c o r r e c t i o n .  data,  b u t  t he  co r rec t i ons  were no t  appl ied.  The v iewing 
t ime f o r  the c o n s t e l l a t i o n  o f  t h e  above f o u r  s a t e l l i t e s  moved f r o m  
nomina l l y  midn igh t  on the  31s t  o f  May t o  l a t e  morning f o r  the September 
data-- the da ta  be ing taken over about a three-hour p e r i o d  f o r  t he  f o u r  
sate1 1 i t e s .  This  moved t h e  v iewing through a s i g n i f i c a n t l y  d i f f e r e n t  
p e r i o d  i n  t h e  ionospher ic  p r o f i l e - - g o i n g  from midn igh t  delays t o  
daytime delays.  The coord inates o f  USNO and NBS used were 38' 55' 
13.503" Nor th  La t i tude,  282' 56' 0.151" East Longitude, + 47.68111 
e l e v a t i o n  and 39' 59' 43.6220" Nor th  La t i tude,  254 44' 15.569" East 
Longitude, 1663.3m e l e v a t i o n  respec t i ve l y .  Both s i t e s  are about the  
same l a t i t u d e ,  which would make the  d i f f e r e n t i a l  de lay i n  the  iono- 
sphere about t h e  same. 

The shor t - te rm s t a b i l i t y  has been analyzed i n  a prev ious paper [2]. 
F ig .  5, i s  a rev iew o f  t h a t  s t a b i l i t y  showing the  short- term wh i te  
phase no ise  cha rac te r i  s t i  cs o f  the apparent propagat ion f 1 u c t u a t i  ons 
from t h e  s a t e l l i t e  through the  rece ive r ,  t o  the  reference c lock  on the  
ground. I f  t h e  wh i te  phase noise shown i n  F ig .  5 w e r e  the  on ly  l i m i t -  
i n g  no ise,  the mean value o f  an 8 t o  10 minute data s e t  would have an 
unce r ta in t y  o f  l ess  than one nanosecond. However, when we analyze the 
day-to-day f l u c t u a t i o n s ,  they  were o f  t h e  order  o f  10 nanoseconds rms, 
which i n d i c a t e s  t h a t  t he re  i s  another random noise d r i v i n g  mechanism 
on t h e  day-to-day f l u c t u a t i o n s .  A poss ib le  mechanism i s  the  d a i l y  
u n c e r t a i n t i e s  i n  the  ephemeris. For tunate ly ,  i n  the  common-view 
approach, t h e  c l o c k  e r r o r  goes t o  zero, and the  ephemeris e r r o r  i s  
s i g n i f i c a n t l y  reduced f r o m  the  ac tua l  e r r o r  r e a l i z e d  i n  a nav iga t ion  
s o l u t i o n .  F ig .  6 i s  a p l o t  v i a  the  common-view approach o f  UTC(USN0) 
provisional-UTC(NBS) 0 % .  t he  four-month p e r i o d  mentioned w i t h  a mean 
frequency o f  1 .2 x 10 removed. The c i r c l e s  i n d i c a t e  the  th ree  
p o r t a b l e  c l o c k  t r i p s  made du r ing  t h i s  per iod.  The f i r s t  c lock  t r i p  
was s imply  used t o  c a l i b r a t e  the  d i f f e r e n t i a l  de lay between the  USNO 
and NBS rece ive rs  and amounted t o  335 nanoseconds. The remaining t w o  
t r i p s  used t h a t  as a c a l i b r a t i o n  va lue assuming i t  would remain con- 
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s tan t .  The values were compared against  quadrat ic  least -squares f i t s  
t o  t h e  da ta  over the  pe r iod  i n  which t h e  c lock  t r i p  was taken. The 
p o r t a b l e  c l o c k  Val ues agreed t o  w i t h i n  th ree  nanoseconds and two 
nanoseconds respec t i ve l y  o f  the  est imated GPS measures o f  t h e  USNO-NBS 
t ime d i f f e rence .  The unce r ta in t i es  on t h e  po r tab le  c lock  t r i p s  were 
a t  l e a s t  10 nanoseconds. The exce l l en t  agreement may be somewhat 
f o r t u i t o u s ,  b u t  i s  very encouraging. The f o u r  months o f  da ta  w e r e  
broken up i n t o  ten-day segments where continuous data were a v a i l a b l e .  
For each ten-day segment and f o r  each o f  t he  space beh ic les  (SV6, 8, 
5, and 9) NAVSTAR 3, 4, 5, and 6 respec t i ve l y  a l inear - leas t -squares  
(LLS) f i t  t o  the  USNO-NBS c lock  t i m e  d i f f e rences  was ca l cu la ted .  Each 
LLS f i t  gave an i n t e r c e p t  and a slope. The consistancy o f  these 
i n t e r c e p t s  and slopes are  a measure o f  the  synchronizat ion and synton- 
i z a t i o n  accuracies respec t i ve l y  taken across the  4 s a t e l l i t e s  and as a 
t i m e  se r ies  g iven the  ten-day average. Taken as a t i m e  se r ies  t h e  
u n c e r t a i n t y  on the  LLS f i t  f o r  a s ing le  s a t e l l i t e  was 4.7 nanoseconds 
and averaged across the  fou r  s a t e l l i t e s  was 2.2 nanoseconds. The 
u n c e r t a i n t y  on the slope from a s i n g l e  s a t e l l i t e  f o r  the ten-day 
average was about 0.7 nanoseconds per  day and averaged across t h e  f o u r  
s a t e l l i t e s  was 0.3 nanoseconds per day. A s l i g h t  asymmetry i n  t h e  
i n t e r c e p t  values was observed t h a t  seemed cons is ten t  from one ten-day 
i n t e r v a l  t o  the  next  and amounted t o  a peak-to-peak o f  about seven 
nanoseconds which would i n d i c a t e  poss ib l y  an e r r o r  i n  the  coord inates 
a t  one o r  bo th  o f  the  s i t e s .  

F igure  7 shows a frequency s t a b i l i t y  ana lys i s  us ing  mod i f ied  (T (t) 
versus the  sampling t ime [3]  . The shaded area represents  ran& o f  
performance o f  the s ta te -o f - the -a r t  standards t h a t  a re  c u r r e n t l y  be ing  
s tud ied  i n  var ious t i m i n g  centsrs .  The square b locks are  s t a b i l i t y  
measures f o r  Loran-C taken over the  l a s t  year  f o r  comparison purposes. 
The c i r c l e s  w i t h  the  x i n  the middle a re  the  frequency s t a b i l i t y  
ana lys i s  o f  t he  data shown i n  F ig .  7 f o r  t he  comparisons o f  t h e  t i m e  
sca les UTC(USN0) versus UTC(NBS). The c i r c l e s  w i t h  the  do ts  i n  the  
middle are est imates o f  the  GPS measurement l i m i t  from the  prev<ous 
ten-day ana lys is .  The one-day , two-day and ten-day Val ues were c a l  cu- 
l a t e d  by measuring t h e  same t h i n g  w i t h  the  f o u r  s a t e l l i t e s -  
-UTC(USNO):YJ$(NBS). It i s  i n t e r e s t i n g  t h a t  t he  measures seem t o  
f o l l o w  a t behavior,  which would i n d i c a t e  wh i te  phase no ise  agai  n, 
b u t  a t  a h igher  l e v e l .  There a re  no apparent i n d i c a t i o n s  o f  systema- 
t i c s  f o r  sample times ou t  t o  ten-days, which a l lows us t o  have an 
i n c r e d i b l e  frequency c o y t r i s o n  c a p a b i l i t y  over ten-day samples o f  
about th ree  p a r t s  i n  10 . It then becomes apparent t h a t  a t  t h e  
ten-day averaging t ime the  GPS i n  common-view i s  about a f a c t o r  o f  26 
t imes b e t t e r  t h a t  i s  Loran-C f o r  t he  Washington, Boulder path.  It i s  
a l so  i n t e r e s t i n g  t o  note t h a t  f o r  sample t imes o f  the order  o f  f o u r  
-days and longer ,  t he  i n s t a b i l i t i e s  o f  two o f  the  b e s t  c lock  ensembles 
i n  t h e  wor ld  are measurable us ing  the  GPS i n  common-view approach. 

t 
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CONCLUSION 

The NBS developed GPS(C/A) r e c e i v e r  features hardware which has an 
i n t r i n s i c  t i m e  s t a b i l i t y  o f  about I n s  when l o c k i n g  on t o  a GPS s a t e l -  
l i t e  s igna l .  The 280 based microprocessor sof tware i s  very powerfu l ,  
v e r s a t i l e ,  and f r i e n d l y - - w i t h  the  a b i l i t y  t o  c a l i b r a t e  an i n t e r n a l  0 .1  
ns t i m e  i n t e r v a l  counter  as one o f  i t s  many tasks.  The design and 
p a r t s  s e l e c t i o n  f o r  t h e  r e c e i v e r  have been chosen t o  minimize c o s t  and 
t o  maximize s t a b i  1 i t y  and re1  i abi  1 i ty. 

The rece ive r  i s  a l so  designed t o  be accessed through a modem so t h a t  
i t ' s  data can be r e a d i l y  compared w i t h  rece ive r  data taken simultan- 
eously a t  a remote s i t e ,  which i s  i n  common-view o f  the  same s a t e l -  
l i t e .  P re l im ina ry  t e s t s  o f  t h i s  technique between Boulder CO and 
Washington D.C. i n d i c a t e  the  a b i l i t y  t o  do accurate t i m e  t r a n s f e r  t o  
bether  t h a t  10 ns, and frequency measurements t o  b e t t e r  than 1 p a r t  i n  
i n  
I U  . 

Because t h e  GPS s a t e l l i t e s  o r b i t  a t  about 4 .2 e a r t h  r a d i i  and most o f  
the  T/F standards l a b o r a t o r i e s  a re  a t  f a i r l y  h igh  l a t i t u d e s ,  the  
simultaneous common-view approach has the  p o t e n t i a l  o f  working we1 1 
f o r  i n t e r n a t i o n a l  t ime and frequency metrology. Experiments are 
planned t o  t e s t  these techniques i n t e r n a t i o n a l l y .  
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